The stability of lycopene in two vegetable oils, sunflower seed oil (SSO) and grape seed oil (GSO), was investigated by analyzing the carotenoid degradation kinetics in the temperature range of 10-40°C. A tomato oleoresin containing 6% (w/w) of lycopene was used to prepare lycopene-enriched oil samples. Analysis of kinetic data showed that lycopene degradation follows first-order kinetics, with an apparent activation energy of 70.7 kJ mol -1 in SSO and 69 kJ mol -1 in GSO. The estimated half-life of lycopene was found to depend on oil type and storage temperature. At 20°C, it varied between 59 and 122 days, while at 4°C it was comprised between 302 and 650 days. At all temperatures, lycopene was more stable in SSO than in GSO, which is likely due to the higher content of antioxidant compounds in SSO.
INTRODUCTION
Lycopene (ψ,ψ-carotene), the carotenoid responsible for the deep red color of ripe tomatoes and tomato products, is one of the most potent natural antioxidants 1 . Chemically, lycopene is an acyclic tetraterpenic hydrocarbon with 13 C-C double bonds, 11 of which are conjugated (Fig. 1 ). This high degree of conjugation gives this carotenoid strong antioxidant and free radical-quenching properties.
In human plasma, lycopene is found at concentrations of 0.2 to 1 nmol mL -1 and accounts
Fig. 1. Chemical structure of lycopene
for at least 10% of all carotenoids 2 . Humans are unable to synthesize carotenoids and, therefore, lycopene can only be acquired from dietary sources. Once absorbed, it accumulates in various organs, especially the liver, the lung, the colon and the prostate 3 . Many studies have shown that an inverse relationship exists between plasma lycopene levels and the incidence of oxidative stress-related diseases, such as prostate, lung, and stomach cancer 4 . Evidence has also been provided that the consumption of lycopene-rich tomato products can reduce cellular DNA damage in smokers and type-2 diabetics 5 . These beneficial effects have been ascribed to the combined presence of lycopene and other tomato phytochemicals, such as β-carotene, phytoene and phytofluene, which are known to synergistically enhance the antioxidant activity of lycopene.
In view of the above observations, the possibility of producing new functional foods enriched with lycopene has been the object of increasing interest. Recent studies have demonstrated the feasibility of enriching vegetable oils with lycopene. For example, Benakmoum et al., 6 showed that edible oils with a lycopene content of up to about 3 mg/100 g can be obtained using tomato peels or tomato puree as lycopene source. Zuorro and Lavecchia 7 used the peels of ripe tomatoes to incorporate lycopene into rice bran and seed oils. In another study by the same research group, a tomato seed oil produced from the seed fraction of tomato processing waste was enriched with a lycopene extract obtained from the peel fraction of the same waste8. Recently, a lycopene-rich avocado oil was produced by supercritical extraction from avocado pulp and tomato pomace 9 .
Although vegetable oils fortified with lycopene can be regarded as valuable functional foods with potential health benefits, there are some issues that need to be considered prior to their commercial introduction. One of the most important is related to the poor stability of lycopene in oils. In fact, while the native membrane-bound carotenoid is relatively stable, it becomes easily susceptible to oxidation once it is released into a nonpolar environment 10 .
The aim of the present study was twofold: (a) to investigate the possibility of using a standardized commercial tomato oleoresin containing lycopene and other tomato phytochemicals to produce a lycopene-enriched vegetable oil, and (b) to evaluate the stability of lycopene in the oil. Sunflower and grape seed oils were used as a base for preparing the functional oils and the kinetics of lycopene degradation in these products was studied in the temperature range of 10-40°C.
MATERIALS AND METHODS

Tomato oleoresin and vegetable oils
Lyc-O-Mato®, an oleoresin produced from whole tomatoes, was obtained from LycoRed Natural Products Industries Ltd. (Beer-Sheva, Israel). The oleoresin contained about 6% (w/w) lycopene and minor amounts of phytoene, phytofluene, β-carotene and tocopherol.
Grape seed oil (GSO) was provided by ACEF (Fiorenzuola d'Arda, PC, Italy) while sunflower seed oil (SSO) was purchased from a local market. The oils were stored in the dark at room temperature until use.
Preparation of lycopene-enriched oil samples
Lycopene-enriched oil samples were obtained by inclusion of the tomato oleoresin in the oils. A mother solution of the carotenoid in each oil was first prepared by placing 40 mg of oleoresin and 50 g of oil into screw-top glass flasks. The flasks were magnetically stirred for about 45 min at low speed and room temperature (20 ± 2°C). Then, the resulting suspension was centrifuged at 7,000 × g for 5 min. and the oil was analysed for lycopene content.
Lycopene assay
Lycopene concentration in the oils was determined spectrophotometrically. Measurements were made in the wavelength range 400-600 nm with a double-beam UV/Vis spectrophotometer (Perkin-Elmer Lambda 25). Absorption spectra showed the three characteristic peaks of lycopene at around 456, 483 and 518 nm (Fig. 2) . The peak at 518 nm was used to quantify the concentration of the carotenoid. 
Lycopene degradation studies
Lycopene degradation experiments were carried out in a forced-air incubator (FTC 90E, VELP Scientifica, MB, Italy) with the temperature controlled to ± 0.2°C. Pure oil samples were poured into 50-mL glass flasks and allowed to equilibrate at the desired temperature (10, 25 or 40°C). Then, an appropriate amount of the mother solution of lycopene was added to the pure oil to obtain the desired carotenoid concentration. The flasks were gently shaken by hand for homogenization and left unstirred for the duration of the experiment in order to reproduce real storage conditions. At selected times, aliquots were withdrawn and analysed for lycopene content. All experiments were repeated at least twice and the results were averaged.
RESULTS AND DISCUSSION
The stability of lycopene in two vegetable oils, SSO and GSO, was investigated in order to provide preliminary information on the formulation of new functional products with the health benefits of lycopene.
As is known, the highly unsaturated hydrocarbon structure of lycopene makes it easily susceptible to degradation. Studies on the stability of lycopene, particularly under food processing and storage conditions, showed that the degradation process is very complex and proceeds through both isomerization and oxidation 11, 12 . Isomerization reactions convert all-trans lycopene to mono-and poly-cis isomers, while oxidation leads to the cleavage of the lycopene molecule with the formation of a variety of products, such as apo-lycopenals, apo-lycopenones, apo-carotendials and lower molecular weight compounds 13 . According to the generally accepted mechanism of reaction, lycopene degradation can be schematized as a reversible isomerization step followed by an irreversible oxidation step 14 . Under typical storage conditions, isomerization is the main reaction and does not affect the total lycopene content. However, the rate and extent of this reaction, as well as of oxidation, depend on several environmental factors, the most important being temperature, light and oxygen.
Moderate heating has limited effect on total lycopene, affecting mainly isomerization, while under more severe conditions an enhancement in oxidation is observed, with an increase in lycopene losses 11, 15 . Interestingly, in fats, the trans-and cis-lycopene forms are protected against oxidation and the isomerization reactions are slowed down 14 .
As observed in studies on lycopenecontaining food products and model systems, irradiation of lycopene by light causes a decrease in total lycopene and produces more or less significant changes in the trans-to cis-isomer distribution 15, 16 .
Finally, the presence of oxygen has a detrimental effect of lycopene, its loss increasing with the levels of dissolved oxygen 11, 14 . A study performed on lycopene dissolved in the oil phase of oil-in-water emulsions showed that the extent of lycopene degradation under oxygen saturation was three times higher than in the absence of oxygen 17 . Accordingly, it is necessary to minimize contact with air in order to preserve lycopene activity.
The kinetics of lycopene degradation in SSO and GSO was investigated at 10, 25 and 40 °C by analysing the dependence of the absorbance at 518 nm (A518) on time. At every temperature and initial carotenoid concentration, a linear trend was observed for the function A518(t). Exemplary results, referring to lycopene in GSO at 40°C and two different initial concentrations, are shown in Figure 3 . The mass balance equation for lycopene in a batch system at constant temperature and volume can be written as: (1) Where c is the carotenoid concentration, t is the time and -r d is the degradation rate. The experimental c values were determined from the absorbance at the selected wavelength using a molar extinction coefficient7 of 1.303×105 M -1 cm -1 . Then, the degradation rate at each temperature and initial lycopene concentration was evaluated from the slope of the regression line; this means to assume dc/dt ~ -Δc/Δt. Plotting the degradation rates against the average lycopene concentrations gave the results shown in Fig. 4 . As can be seen, -r d varied linearly with c, which is indicative of a first-order kinetics.
(2)
Fig. 4. Kinetic plots of lycopene degradation in SSO and GSO
Where k d is the apparent first-order rate constant. This parameter was determined from the slope of the regression lines, giving the estimates listed in Table 1 . As apparent from the scatter plot in Fig. 5 , the first-order model provided a good description of lycopene degradation, the average error on degradation rate being about 0.012 μM d -1 . In addition, a statistical analysis of residuals, performed as described elsewhere 18 , showed no deviations from linear regression assumptions. Examination of Table 1 reveals that, at every temperature, lycopene degradation in SSO was less pronounced than in GSO. As expected, an increase in temperature resulted in faster degradation. To describe the temperature dependence of kd, the Arrhenius equation was used:
Where A is the pre-exponential factor and Ea is the apparent activation energy. The estimated activation energies in SSO and GSO were, respectively, 70.73 and 68.96 kJ mol -1 . From the temperature dependence of the apparent rate constants in the two oils, the lycopene half-life (τ 1/2 ), i.e., the time required for the initial lycopene concentration to be reduced by 50%, was calculated as.
(4) Figure 6 shows the trend of the function τ 1/2 (T) between 0 and 40°C, which represents the temperature range of major interest for the storage of food products. At each temperature, the half-life of lycopene was greater (i.e., the carotenoid was more stable) in SSO than in GSO. However, differences in stability decreased as the temperature increased. Above approximately 30°C, the two curves were very close to each other. the greater stability of lycopene in SSO could be due to the higher amount of tocopherols. Studies performed on the degradation of lycopene 26 and β-carotene 27 in the presence of tocopherols showed that these antioxidants can protect carotenoids from oxidative damage. Regeneration of the biologically active carotenoid by tocopherols is thought to proceed by an electron transfer mechanism 28 . Interestingly, tocopherols were found to enhance the chemopreventive activity of lycopene against breast cancer 29 and its antiinflammatory properties 30 . This provides strong support to the development of lycopene-enriched seed oils as novel functional foods.
In Table 2 , the half-life values for lycopene degradation at two significant storage temperatures, 4 and 20°C, are reported. At the lower temperature, the half-life is about 650 days in SSO and 300 days in GSO. At 20°C, these values are reduced by about five times. In Table 2 , a comparison is also made with the results obtained in a previous study 7 using tomato peel extracts as lycopene source. It can be seen that the stability of lycopene in the two oils is greatly affected by the carotenoid source. In particular, in SSO the half-life of lycopene from tomato peel extracts is about 15% lower than that from tomato oleoresin. In GSO the situation is reversed, with an increase of about 50%. An explanation of these results can be found in the different characteristics of the two lycopene sources. In fact, while the oleoresin used in this work was produced from whole tomatoes, consisting mainly of the fruit pulp, the tomato extract was obtained from the fruit peels. Whole tomatoes and tomato peels differ considerably in composition and structure 31, 32 . Furthermore, in the oleoresin a lipid fraction derived from the seeds of the fruit is also present, with potential effects on the stability behavior of lycopene. In fact, tomato seed oil contains high levels of γ-tocopherol 8 . This compound and its main degradation products, γ-tocopherol biphenyl-dimer and γ-tocopherol ether-dimer, are very effective as antioxidants and act by a mechanism different from that of α-tocopherol 33 . Accordingly, it can be hypothesized that the combined presence of α-and γ-tocopherol, as in the case of SSO enriched with the oleoresin, can stabilize lycopene to a greater extent. On the other hand, high concentrations of tocopherols can exert a pro-oxidant activity 34 and interact with other types of antioxidants in a complex manner, enhancing or attenuating each other's effects. This could explain The different stability of lycopene in the two oils is a reflection of their different fatty acid composition and antioxidant content. In particular, it is known that the higher the degree of unsaturation of an oil, the faster its oxidative degradation 19 . Lipid oxidation can lead to the formation of highly reactive species, such as alkyl and peroxyl radicals, which, in turn, can increase the susceptibility of lycopene to degradation 20 .
An examination of the fatty acid profiles of SSO and GSO, according to Codex Alimentarius 21 , reveals that they are characterized by very similar amounts of saturated fatty acids (10-12%), with small differences in the distribution between monounsaturated and polyunsaturated fatty acids. As a result, it can be assumed that the different stability of lycopene in the two oils is mainly due to the type and amount of endogenous antioxidants. In vegetable oils, different classes of antioxidant compounds can be found, including phenolics, carotenoids, tocopherols and tocotrienols 22, 23 . Tocopherols and tocotrienols, commonly known as vitamin E, are the main antioxidants in seed oils 24 . They have similar chemical structures, being derivatives of 6-chromanol and differing only in the number and position of methyl substituents in the phenolic ring 25 . According to Codex Alimentarius 21 , their range of values is from 440 to 1520 mg kg -1 in SSO and from 240 to 410 mg kg -1 in GSO. Therefore, the observed changes in lycopene stability in GSOs enriched with the two carotenoid sources. 
CONCLUSION
The results of this study indicate that functional seed oils containing lycopene as antioxidant ingredient can be easily prepared using a commercial tomato oleoresin as lycopene source.
The stability of lycopene in the investigated oils is affected by both the temperature and the oil type. Stability can be easily quantified by estimating the half-life of the carotenoid under the conditions of interest. At 4°C, the estimated half-life was about 300 days in GSO and 650 days in SSO.
Future studies should investigate the stability behavior of lycopene in other vegetable oils and the mechanisms responsible for stabilization. This would provide additional information for the optimal formulation of functional oil products to be used as dietary sources of lycopene.
